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41 Abstract

42 Soft structural textiles, or softgoods, are used within the space industry for inflatable habitats,

43 parachutes and decelerator systems. Evaluating the safety and structural integrity of these

44 systems occurs through structural health monitoring systems (SHM), which integrate non-

45 invasive/non-destructive testing methods to detect, diagnose, and locate damage. Strain/load

46 monitoring of these systems is limited while utilizing traditional strain gauges as these gauges

47 are typically stiff, operate at low temperatures, and fail when subjected to high strain that is a

48 result of high loading classifying them as unsuitable for SHM of soft structural textiles. For this
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49 work, a capacitance based strain gauge (CSG) was fabricated via aerosol jet printing (AJP) using

50 silver nanoparticle ink on a flexible polymer substrate. Printed strain gauges were then

51 compared to a commercially available high elongation resistance based strain gauge (HE-RSG)

52 for their ability to monitor strained Kevlar straps having a 26.7 kN (6 klbf) load. Dynamic, static

53 and cyclic loads were used to characterize both types of strain monitoring devices. Printed CSGs

54 demonstrated superior performance for high elongation strain measurements when compared to

55 commonly used HE-RSGs, and were observed to operate with a gauge factor of 5.2 when the

56 electrode arrangement was perpendicular to the direction of strain.

57 Keywords

58 Aerosol jet printing, strain gauge, high strength textile, structural health monitoring, high

59 elongation strain testing, flexible sensor

60 1. Introduction

61 Soft structural textiles, also known as softgoods, that are lightweight while also exhibiting high

62 strength are of particular interest to the space industry for inflatable habitats, parachutes and

63 decelerator systems. The advantages of these technical textiles over traditional structural

64 materials such as metal alloys and rigid composites are found in the significant mass and volume

65 savings that they provide1. Benefits aside, complexities emerge from the need to incorporate

66 non-destructive/non-invasive testing methods for structural health monitoring (SHM), which

67 requires monitoring systems capable of measuring very high rates of strain2. SHM systems for

68 inflatable habitats, parachutes and decelerating systems are used to ensure the safety of

69 crewmembers, aim to establish an emergency notification system, and enable smart entry,

70 descent, and landing (EDL) operations. Ideally, SHM systems for these applications would

71 provide continuous monitoring of strain/load to detect, diagnose and locate damage in real time

72 for continuous monitoring and also after incident3.
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73

74 Detecting mechanical deformations is achieved with a variety of sensing mechanisms such as

75 capacitance, resistance or piezoelectric properties. However, the most widely used strain sensing

76 devices, are resistance-based strain gauges (RSG)4. Traditionally, strain gauges are intended for

77 use with metals, they employ relatively stiff substrates, operate most effectively at room

78 temperature before corrections must be incorporated, experience strains under 5%, display

79 hysteresis in long-term testing, and undergo mechanical failure at higher strains2–5. When

80 considering soft structural materials strain gauges must be capable of withstanding high rates of

81 strain (5-50%) associated with materials being under high load, but the inherent stiffness of

82 traditional strain gauges results in device failure, and classifies them as unsuitable for the

83 inspection of soft structural materials3,5. Additional limitations of the more popular RSGs are

84 found in the dependence of resistivity upon operating temperature and applied strain4,6,7.

85 Dependencies such as this result in a non-linear strain response and device hysteresis caused by

86 variable sensitivity as the gauge factor does not remain constant during testing6–8. Finally, the

87 fabrication of traditional strain sensors involves complex preparation processes resulting in high

88 fabrication cost and material waste, which can limit their application and development. Hence,

89 developing strain sensing methods for soft structural materials requires the ability to fabricate

90 devices having high flexibility and a robustness that enables them to withstand harsh

91 environments to include high strain and high temperatures.

92

93 Capacitance based strain gauges(CSGs) provide a robust sensing mechanism capable of

94 addressing the performance issues associated with resistivity hysteresis of RSGs. CSGs are

95 largely dependent on geometry changes between the electrodes and the dielectric layer which

96 typically do not suffer permanent plastic deformation during cyclical testing2,9. These devices, in
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97 general, include parallel-plate capacitors or an interdigitated electrode design4,5,10,11. CSGs can be

98 used for many of the same applications as RSGs, and typically display higher gauge factors of

99 15-30, while also having reduced sensitivity to noise and temperature2. Currently, commercial

100 CSGs are available, and typically consist of a parallel plate design restricting strain

101 measurements to those that are perpendicular to the gauge direction, are limited in the geometries

102 they can monitor, or require bulky electromechanical devices for mechanical attachment2,12.

103 These issues can be overcome by using CSGs having an interdigitated electrode design13,24.

104 Interdigitated electrodes preserve the advantages associated with CSGs vs RSGs in harsh

105 environments, while also providing a vehicle by which CSGs can integrate directly onto

106 structural components. Previous testing has been conducted on Kevlar webbing with flexible

107 strain gauges and it was concluded that CSGs performed better than RSGs in dynamic and long

108 term loading conditions similar to those that were investigated within this work3. Finally, using

109 capacitance as the sensing mechanism makes the sensor more suitable for applications where

110 wireless strain sensor measurements are required10,14. This would be tremendously advantageous

111 for SHM during smart EDL operations.

112

113 Introducing the flexibility needed for SHM of soft structural materials can be achieved by

114 making use of recent advances in additive manufacturing for printed and flexible electronics.

115 Additive manufacturing techniques such as aerosol jet printing (AJP) are relatively simple and

116 low-cost manufacturing processes that can be used to fabricate flexible CSGs where typical

117 substrates employed for flexible applications include polyimide, polyethylene terephthalate and

118 polydimethylsiloxane2,15–18. Printed electronics involve the use of a functional material in the

119 form of a nanoparticle suspension, or ink, that is then deposited onto a flexible polymer backing.

120 After deposition, the solvent and dispersing/capping agents are removed to produce a functional
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121 device, which is then attached to either the users clothing or skin. This cross-cutting technology

122 demonstrates significant potential for SHM of soft structural materials as the functionality of

123 these devices are dependent upon their high flexibility, long durability, fast response, fast

124 recovery time and high sensitivity to strain.

125

126 The AJP technology is a non-contact deposition based on the atomization of inks to form a fine

127 mist or aerosol that is deposited on a substrate. The aerosol jet process eliminates many of the

128 limitations associated with conventional fabrication methods by introducing the ability to print

129 with a wide range of materials such as metal nanoparticles, carbon nanomaterial, functional

130 ceramics, semiconductors, biological molecules and other functional materials as inks can range

131 from 1-2500 cP15,19–23. Additionally, device designs are no longer material or geometry limited as

132 AJP introduces the ability to print on a variety of substrates/surfaces, and provides a wide range

133 of feature sizes that span 10 µm to 5 mm24–27. With the ability to achieve higher print

134 resolutions, AJP has the potential to enhance device sensitivity by maximizing the design space

135 of structural health monitoring systems, and provides a low-cost option for sensor

136 fabrication28,29,30.

137

138 In this work we report, for the first time, on the response of aerosol jet printed flexible CSGs

139 having an interdigitated electrode design (adapted from Hu et al.) targeted for use on soft

140 structural materials31. The strain response of these printed gauges was then compared to that of

141 commercially available high elongation resistance-based foil strain gauges (HE-RSG). This

142 comparison was used to evaluate the benefits of utilizing the advanced manufacturing technique

143 of AJP to fabricate a robust and flexible strain gauge, while also serving to validate the

144 advantages of a capacitive sensor for measuring the strain of soft structural materials. Flexible
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145 CSGs were fabricated via AJP using silver nanoparticle ink and a flexible polymer substrate to

146 monitor military grade Kevlar webbing under high load as this material is typically used in EDL

147 operations and inflatable habitat structures. However, the focus of this work was towards

148 inflatable habitats. Dynamic, static, and cyclic loads were used to characterize both types of

149 strain monitoring devices. Printed CSGs demonstrated superior performance for high elongation

150 strain measurements of Kevlar webbing when under high load when compared to commonly

151 used HE-RSGs and were observed to operate with a gauge factor of 5.2 when an electrode

152 arrangement perpendicular to the direction of strain was used.

153

154 2. Results and Discussion

155 2.1. Interdigitated Electrode Geometry

156 Military grade Kevlar webbing is used for the construction of inflatable habitats and parachutes,

157 and the ability to measure the strain experienced by these structures is a challenge for NASA3.

158 To produce a capacitive strain gauge, an interdigitated structure was employed, which operates

159 in a similar manner to having multiple parallel plate capacitors in series. A schematic

160 representation of the device layout can be found in Figure 1a, and an optical image of the actual

161 printed sensor in Figure 1b. Capacitance was a result of an interdigitated structure spanning 3.6

162 cm and 1.6 cm with 50 digit pairs or 100 total electrodes. These specific design parameters were

163 chosen in order to maximize both the theoretical capacitance and the sensing area. Additionally,

164 size limitations were associated with the capabilities of the aerosol jet printing technology, and

165 the 2.54 cm wide Kevlar webbing. Silver epoxy was used to attach copper wire leads to the

166 device, and poly methyl methacrylate (PMMA), having a dielectric constant of 5.70, was used

167 both as a protective layer and as the dielectric between the electrodes to enhance the device

168 capacitance over what could be achieved if air served the same function20. Finally, Kapton (FPC
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169 5 mil, 125 µm) was selected as the flexible substrate as it is capable of withstanding elongation

170 that is significantly higher than the maximum elongation of the Kevlar straps when subjected to

171 maximum loading capacity32.

172

173 In Figure 2, representative higher magnification images of the digits a.) center and b.) ends along

174 with their respective height profiles shown in Figure 2c. As depicted, the electrode morphology

175 varies due to the formation of a bulb-like structure at the electrode ends where variation is seen

176 in both height and width. Rahman et al. reported the formation of a similar feature at the ends of

177 their printed electrodes while also stating that this change in morphology could be controlled by

178 increasing the printer’s shutter speed while using Clariant Prelect TPS 50G2 with the ultrasonic

179 atomizer33.

180

181 For this study, devices were printed using the pneumatic atomizer for a silver nanoparticle based

182 ink, PvNanoCell SicrysTM 160PM-116, known for having excellent adhesive properties with a

183 variety of substrates, and near bulk resistivity (10-6 Ω·cm). During the printing process the

184 shutter speed is ultimately controlled by the “rapid” process speed, which controls the speed at

185 which the printer platen moves between depositions. For the fabrication of the CSGs the

186 maximum rapid speed was used, but the formation of the bulb resulted despite modifications to

187 other print parameters such as atomizer, exhaust, and sheath flow rates. This demonstrates that

188 the quality of the print and ultimately the device is dependent upon the ink and atomization

189 process being used.

190

191 2.2. CSG Structure
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192 To further characterize the structure of the printed CSG, cross-sectional SEM was performed to

193 investigate both the quality of the printed CSG and that of the dielectric layer (Figure 2d).

194 Preparing the sample for imaging required the device to be mounted in Quickstick 135 mounting

195 wax prior to slicing with a microtome, and finally the cross-section was carbon coated to

196 minimize surface charging while imaging. A top-down view of the overspray is provided in

197 Figure 2a, and a cross-section view is presented in Figure 2e with the overspray creating a “tail”

198 on either end of the digit. From Figure 2e, the overspray is more pronounced on the left side of

199 the digit, which indicates that N2 flow was not symmetrical through the nozzle and/or the virtual

200 impactor. The PMMA layer was uniform having a thickness of 10.2 ± 0.1 µm demonstrating that

201 the drop cast method is an effective way of encapsulating the digits, which is crucial for

202 maximizing the measured capacitance of CSG devices. The maximum thickness of the digit was

203 2.7 ± 0.1 µm, which is in good agreement with results obtained from stylus profilometry (2.2 ±

204 0.5 µm). The cross-section profile shows the porous nature of the printed structure, and with

205 image analysis software the porosity was determined to be 16.1 ± 0.4% of the total electrode

206 volume. Gaps/voids providing a porous structure are an inherent feature found within AM

207 devices that is highly dependent upon the ink being printed 26.

208

209 Electrical Characterization

210 The theoretical initial capacitance, C0, and theoretical strained capacitance, CN, were derived

211 from previous work by Hu et al. and Kim et al., and are expressed by4,31

212

213 (1)

214 (2)

215 (3)
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216

217 where p is dielectric constant of PMMA, t is the thickness of the printed silver digit, l is the

218 length of the digit, a is the total width of the interdigitated electrodes, w is the width of the digit,

219 n is the number of digit pairs, d is the spacing between the digits of the electrodes, is the strain

220 in the sensitive axis of the strain sensor and ε0 is the permittivity of free space. The expected

221 change in capacitance resulting from a strain incident perpendicular and parallel to electrode

222 orientation is depicted in eq(2) and eq(3), respectively. Briefly, when the device experiences

223 strain perpendicular to electrode orientation the spacing between electrodes is expected to

224 increase by a factor of d0(1+). However, due to poisson contraction, it is expected that a, w and l

225 will change by a factor of (1+ν) from their original values, where ν is the poisson ratio of the

226 encapsulating polymer. For the printed CSGs, the encapsulating material is PMMA with a

227 poisson ratio of 0.3734. With this phenomenon it is expected that as the PMMA is elongated in

228 one direction it compresses in the two directions perpendicular to the direction of strain4. A

229 schematic detailing the variables used in eq(1) and eq(2) is provided in Figure 3a, and the

230 associated dimensions are found within Figure 3b. From the device dimensions, the initial

231 capacitance of the printed CSGs is expected to range from 4.56-6.70 pF. However, the actual

232 capacitance was measured to range between 42 pF and 15 nF, and the initial capacitance values

233 for each device can be found in Table 1. The significant deviation from theoretical capacitance is

234 attributed to the unique geometry of the digit introduced by the printing process, which is evident

235 in Figure 2(a-e) where the electrode structure with trailing ends associated with overspray is

236 observed in addition to a porous structure.

237

238 Overspray is caused by the smallest droplets within the aerosol, and can be minimized to some

239 extent by varying the sheath, exhaust, or atomizer flow rates35,36. However, overspray, like void
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240 formation, is an inherent feature of aerosol jet printed devices and was found to contribute

241 between 5-25 µm of additional width to the digits. Additionally, an internal capacitance may

242 exist within the digits themselves which is associated with the structure voids themselves with air

243 serving as the dielectric. While AJP provides significant versatility from its compatibility with a

244 broad range of materials, consistency and reproducibility are challenges that need to be

245 overcome. For experienced users, optimizing print parameters to mitigate these challenges can

246 require extreme measures which include, but are not limited to, frequent replacement of ink and

247 extensive time spent towards empirical optimization for this sensitive process21,23,35,37,38.

248

249 Strain Measurements

250 Capacitance and resistance measurements for printed CSGs and commercial RSGs, respectively,

251 were collected for each sample prior to any load/strain being imparted to the Kevlar strap, and

252 compared to measurements obtained before the samples were mounted into the test system to

253 verify that no damage to the gauge had occurred during transport and setup. For each device that

254 was tested the initial capacitance and resistance measurements can be found in Table 1. Final

255 measurements were recorded for each sample at the conclusion of testing after the strain was

256 released and the strap allowed to relax. However, due to the natural stretch of the Kevlar

257 material the straps did not return to their original dimensions, and were permanently elongated

258 after tensile loading.

259

260 Printed CSG’s exhibited initial capacitance measurements that ranged from ~45 pF to ~15 nF at

261 10 kHz with a 5 V bias. As the observed range is significant between the printed strain gauges,

262 representative devices from both the pF and nF regime were originally included with both

263 perpendicular and parallel arrangement of electrodes with respect to the direction of strain.
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264 However, the device detached during dynamic testing with the representative nF device with

265 electrodes parallel to the direction of strain.

266

267 As this work was a result of a collaboration with NASA Johnson Space Center, testing was

268 performed in a manner that was in agreement with previously performed testing procedures3. The

269 response of both capacitive and resistive devices was investigated while under dynamic, static,

270 and cyclic loading. Mechanical testing was performed by subjecting the Kevlar webbing to

271 targeted loading conditions rather than strain. This was the method for testing due to the fact that

272 variations in the Kevlar webbing, attributed to the weaving process of these textiles, causes

273 samples subjected to the same loading conditions to exhibit a different strain response between

274 samples32. As the webbing is rated according to a maximum loading capacity of 26.7 kN, a peak

275 load of 18.7 kN was selected for dynamic and static testing as it is 70% of the maximum capacity

276 of the Kevlar webbing. Furthermore, cyclic testing was performed at targeting loads of 5.3 kN

277 (1.2 klbf) and 10.7 kN (2.4 klbf) or 20% and 40% of maximum loading capacity of the Kevlar

278 webbing, respectively. The targeted loads for dynamic and static testing resulted in a strain

279 response of > 5%, which still classifies the strain at which these samples were subjected to as

280 relatively high. For reference, a summary of experiments can be found in Table 1. Dynamic

281 testing was performed for printed CSGs with electrodes configured perpendicular and parallel to

282 the direction of strain and for HE-RSGs having electrodes arranged parallel to the direction of

283 strain up to a maximum load of 18.7 kN (4.2 klbf), which is 70% of the maximum load capacity

284 of the Kevlar webbing used for testing. Additionally, loading conditions were achieved with a

285 ramp rate of 45 N/sec or (10 lbf/sec). Throughout dynamic testing measurements were collected

286 at 4.4 kN (1.0 klbf), 8.9 kN (2.0 klbf), 13.3 kN (3.0 klbf), 17.8 kN(4.0 klbf) and 18.7 kN (4.2

287 klbf). For CSGs having electrodes arranged perpendicular to the direction of strain an inverse
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288 relationship was observed as depicted in Figure 4a, where the MRCC (maximum relative change

289 in capacitance) was ~20% for devices having a starting capacitance in the nF regime, and ~3%

290 for a pF starting capacitance. This negative change in capacitance for electrodes positioned

291 perpendicular to the direction of strain is due to the increasing elongation of the strap, which

292 increases the distance between the electrodes resulting in a decrease to the capacitance. The

293 indirect relationship between strain and capacitance was confirmed through 3D finite element

294 modeling. However, the magnitude of relative capacitance change is significantly different, and

295 that is attributed to the device features introduced from the printing process. The results from

296 those efforts can be found in the supporting information. During testing, images were captured

297 at each change, targeted load, and/or time point. Utilizing Digimizer software, and images

298 obtained while testing when electrodes were perpendicular to the direction of strain, the change

299 in distance between the top of the first electrode to the bottom of the last electrode from an

300 applied load of zero to 18.7 kN (4.20 klbF) was determined to be 815 µm. So, as the Kevlar

301 webbing was under high load, the sensor experienced a strain of 0.037 while the webbing

302 experienced an average strain of 0.060 ± 0.001. With that, a gauge factor of 5.2 obtained for the

303 perpendicular orientation with devices having a starting capacitance within the nF range. In

304 contrast, a direct relationship between load and capacitance was observed for devices with

305 electrodes arranged parallel to the direction of strain. As the strap is elongated, and the polyimide

306 substrate is stretched, the spacing between the electrodes is decreased resulting in larger

307 capacitance values. From Figure 4b the MRCC differed by a factor of 2.3 where the MRCC for

308 Device D was 1.6%, and for Device E was 3.7%. Dynamic testing finished immediately after a

309 maximum load of 18.7 kN (4.2 klbF) had been reached, and static testing began. To demonstrate

310 the printed CSGs ability to maintain a signal while under a constant load, the devices were held

311 for a total of 65 minutes with measurements collected in 5 minute intervals (Figure 4c). As
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312 shown in Figure 4(c,d), while all devices were able to maintain a signal for the duration of

313 testing, the arrangement with electrodes perpendicular to the direction of strain produced a signal

314 having less hysteresis over the observed timeframe. Finally, cyclic testing was conducted for

315 devices having electrodes arranged perpendicular to the direction of strain by cycling between

316 5.3 kN (1.2 klbf) and 10.7 kN (4.2 klbf) for a total of ten cycles (Figure 4e).

317

318 For practical application of the printed CSG’s it will be necessary to quickly and efficiently

319 obtain the capacitance read out for analysis while minimizing the effects of interference. The

320 ability to accommodate a large capacitance range from printed strain gauges while having a fast

321 and efficient response can be achieved through the use of a digital read out that uses frequency

322 rather than voltage (Please see supporting info).

323

324 Utilizing the same attachment strategy and testing conditions, the resistance behavior of

325 commercially available HE-RSGs having a similar Kapton backing as the CSGs was investigated

326 to compare and evaluate their suitability for SHM of soft structural materials. For HE-RSGs, per

327 manufacturer instruction, the electrodes were positioned parallel to the direction of strain. The

328 mechanism for RSG response to strain is explained with the following relationship

329

330 where R is resistance, ρ is a material’s resistivity, L is total length foil, and A is the cross-

331 sectional area of the foil. For strain testing of these Kevlar straps, device elongation occurs with

332 strain, and it is expected that the resistance would increase with increasing load. The response

333 of HE-RSGs during dynamic testing is shown in Figure 5a, where a direct relationship between

334 resistance and load was observed up to 4.4 kN (1 klbf). While this direct relationship is expected,

335 after the load of 4.4 kN is reached the resistance behavior transitions to an indirect relationship
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336 with the applied load at 8.9,13.3,17.8 and 18.7 kN (2, 3, 4, and 4.2 klbf respectively). This

337 behavior indicates that testing conditions may have caused the gauge to exceed its elongation

338 limit, and demonstrates well-known limitations of foil based gauges for high elongation

339 applications39,40. For high elongation applications where the plastic elongation conditions are

340 met, the linearity of the strain device can vary as the gauge factor is known to modify using the

341 guideline of 2+ε, where ε is the strain such that the gauge factor at a strain level of 10% is

342 expected to be around 2.1 in tension39,33,. Immediately after a maximum load of 18.7 kN (4.2

343 klbf) was achieved with dynamic testing, static testing began for period of 65 minutes (Figure

344 5b). Another limitation is revealed during dynamic testing as signal hysteresis is shown to

345 progress over the observed timeframe for all HE-RSG devices, which demonstrates an inability

346 to reliably monitor strain for extended periods of time while under a constant load. Finally, HE-

347 RSGs were subjected to cyclic testing (Figure 5c). Cyclic testing provided further support of the

348 aforementioned limitations of HE-RSGs as similar resistance behavior was observed after the

349 initial target load is achieved, and signal degradation was apparent for each cycle after

350 equilibrium had been achieved. The first cycle reveals that an equilibrium must be established

351 prior to conducting strain measurements as the resistance decreases with the transition from 5.3

352 kN (1.2 klbf) to 10.7 kN (2.4 klbf). However, the following cycles produce the expected

353 resistance response where an increase in resistance is observed as the applied load increases, and

354 a decrease in resistance is observed as the applied also decreases. Notably, signal hysteresis

355 associated with the HE-RSGs is observed for all three testing conditions and provides evidence

356 that printed CSGs exhibit superior performance with high elongation testing conditions resulting

357 in these devices being considered better suited for SHM for soft structural materials than HE-

358 RSGs.

359
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360 Finally, variation in initial capacitance values, device response for the first couple of strains, etc.,

361 can be compensated for with calibration for the intended application of structural health

362 monitoring of soft structural materials for inflatable habitats. For a crewed, inflatable space

363 habitat, a series of strain sensors would be used in a network for structural health monitoring of

364 the habitat. The sensors would be calibrated on the ground before launch when a precise amount

365 of strain could be applied to the straps. Once the calibration is completed, the strain sensors

366 would be powered off until needed again in space. After launch, deployment, and pressurization,

367 an initial reading would be taken to get a starting strain for the strap material. This strain level

368 would be compared to the levels recorded during the ground calibration testing to ensure no

369 strain changes occurred during the launch phase. While the habitat will stay pressurized during

370 its lifetime, the strain in the straps and in the gage will change over time. This change will be

371 tracked at regular intervals throughout the length of the mission to provide an understanding of

372 the structural health of the habitat.

373

374 Initial change during the first couple of strains can be compensated with similar calibration

375 exercises on the ground before launch. The habitat will be testing in the space environment

376 before it’s launched and strain changes will be measured. Those strain values are expected to be

377 representative of what would be seen during the initial change in strain once the gages and the

378 habitat are in space. By conducting a series of ground tests, we can fully understand and predict

379 the behavior of the habitat and the strain measurement system and use that prediction to

380 compensate the readings in space.

381

382 3. Conclusions

383 In summary, a capacitive based strain gauge was fabricated via aerosol jet printing where silver
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384 served as the capacitive material and PMMA the dielectric. Printed CSGs exhibited starting

385 capacitance values ranging from 42 pF to 15 nF. A flexible substrate, Kapton, was employed to

386 provide the required flexibility for these devices to withstand high load/strain, and All-purpose

387 Barge Cement served as the adhesive between the Kapton and the Kevlar strap. Dynamic and

388 static testing was performed for arrangements where the electrodes were oriented either

389 perpendicular or parallel to the direction of strain, and the perpendicular arrangement was used

390 for cyclic testing. Furthermore, HE-RSGs were tested utilizing the same attachment strategy,

391 under the same conditions, to compare their response to printed CSGs, and to evaluate their

392 suitability for SHM of soft structural materials. Devices having a starting capacitance in the nF

393 range demonstrated the highest sensitivity, and a gauge factor of 5.2 was obtained for those

394 devices having their electrodes arranged perpendicular to the direction of strain. Finally, printed

395 CSGs were determined to be the better candidates for high elongation application as they

396 performed better in static situations, dynamic and cyclic events when compared to commercially

397 available HE-RSGs.

398

399 4. Methods

400 4.1. Device Fabrication.

401 The layout of the interdigitated CSG device is shown in Figure 1a. Device fabrication began by

402 depositing SicrysTM 160PM-116 (PV Nanocell) onto a 125 µm thick DuPontTM Kapton (FPC).

403 Printing was achieved with the pneumatic atomizer (PA) of an Optomec Aerosol Jet 200

404 equipped with a 200 µm nozzle. While printing, the ink was held at 23°C to stabilize the ink, and

405 the printed films were heated at 300 °C for 30 min. to remove any residual solvent. The tool

406 platen temperature, nozzle diameter, and pneumatic atomizer, pneumatic exhaust and sheath gas

407 flows were optimized to ensure the line widths and material deposition of functional materials
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408 were adequate to obtain conductive traces. Silver epoxy (Epotek, H20E) was used to adhere 30-

409 gauge copper wire to the printed contact pads, and a layer of 950 PMMA A11 (Kayaku

410 Advanced Materials, Inc.) was drop-coated onto the surface of the device to serve as the

411 dielectric. Both the printed CSG and commercially acquired RSG (HBM, Inc., 1-LD20-6/350)

412 devices were attached to Kevlar straps having a maximum loading capacity of approximately 27

413 kN (6 klbf) with All-Purpose Barge Cement.

414

415 4.2. Characterization.

416 Device imaging and dimensions were obtained by digital microscopy (Keyence VHX-5000),

417 scanning electron microscopy (FEI Teneo Field Emission Scanning Electron Microscopy) and

418 laser microscopy (Keyence VK-Z260K 3D Laser Scanning Confocol Microscope). Additional

419 height profiles were obtained with a Bruker Dektak XT-A Stylus Profilometer fitted with a 2 µm

420 stylus. A Leaic EM UC6 microtome equipped with glass blades was used to produce CSG cross-

421 sections. Furthermore, cross-sectioning required devices to first be encapsulated in Quickstick

422 135 mounting wax (Scanning Microscopy Services) prior to slicing. CSG cross-sections were

423 carbon-coated to prevent charging of the specimen.

424

425 4.3. Device Attachment.

426 Strain gauges were attached to Kevlar webbing (1991-25.4 mm, Type VI, Class 9) nominally

427 rated at 26.7 kN (6 klbf), and manufactured to Mil-T 87130 manufacturing specifications.

428 Attaching the gauges to the Kevlar webbing was accomplished with a contact cement known as

429 APBC (All-Purpose Barge Cement; Barge Cements, Inc.). This cement is a polychloroprene

430 based adhesive that is well known for its high strength and flexibility and is typically used in the

431 leather, shoe and prosthetic industries. While the tensile modulus for APBC is not reported or
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432 available, polychloroprene is reported to have a tensile modulus of 21 MPa41. This is well below

433 the tensile modulus for kapton and kevlar, which indicates that it is well-suited for the intended

434 application. For testing purposes, multiple adhesives were considered including Double/Bubble

435 epoxy, Pliobond 25, DAP Cove Base Zocalo construction adhesive, and GE silicone II caulk.

436 However, APBC was the only adhesive capable of maintaining the integrity of the bond while

437 under high strain such as that produced while testing Kevlar straps. Adhering the printed CSGs

438 and RSGs to the Kevlar strap began by applying a thin layer of APBC to both the testing strap

439 and the backside of the printed CSG or RSG. The two items were immediately bonded together

440 with the adhesive sandwiched between the CSG or RSG backing and the strap. The bond was

441 allowed to cure for 24 hours.

442

443 4.4. Testing.

444 After the bond was fully cured the Kevlar straps were attached to the webbing grips on the MTS

445 test system by wrapping each end of the strap at least three times around the grip to ensure the

446 strap would not come loose during testing. The grips were positioned such that there was

447 approximately 24” between the base of each grip with the strain gauge positioned in the center.

448 Samples tested included gauges mounted with electrodes both perpendicular and parallel to the

449 direction of strain resulting in positive and negative changes in capacitance respectively. The

450 leads to the LCR meter were attached and supported to ensure the leads would not come into

451 contact with each other, would not place undue tension on the copper wire attachments, and

452 would remain relatively stable during testing. CSG devices were attached both perpendicular

453 and parallel to the direction of strain while RSG devices were only tested having electrodes

454 parallel to the direction of strain, and both types of devices were attached to Kevlar straps with

455 All-Purpose Barge Cement. Strain testing was performed with an MTS 810 Material Test
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456 System equipped with a 100 kN load head, ADMET GRW-50T (Part No. 3218-00225) webbing

457 grips, and FlexTest SE Station Manager software. Capacitance measurements were obtained

458 with an Agilent HP 4284A Precision LCR Meter (10 kHz at 5V), and resistance measurements

459 were obtained with a Keithley 2182A/6220 (-(-1 to 1 mA, Printed CSG and commercial RSG

460 devices were studied under dynamic, cyclic, and static loads while Kevlar straps were subjected

461 to a maximum load of 18.7 kN (4.2 klbf) during static and dynamic loads at a ramp rate of 45

462 N/sec (10 lbf/sec). During dynamic testing capacitance measurements were obtained every 4.5

463 kN (1 klbf) up to the maximum load of 18.7 kN (4.2 klbf), and static loads were held for a total

464 of one hour ten minutes with capacitance measurements taken every five minutes. Additionally,

465 printed CSGs and commercial RSGs were characterized under cyclic loading of 5.3 kN (1.2 klbf)

466 and 10.7 kN (2.4 klbf) for ten total cycles with a ramp rate of 89 N/sec (20 lbf/sec) with

467 capacitance measurements taken at 90 second intervals between5. each cycle. Macro images of

468 the CSGs were taken in tandem with capacitance measurements in order to determine the gauge

469 factor for the CSGs. Images were recorded with a Canon EOS 70D digital SLR camera outfitted

470 with a Tamron AF 90mm f/2.8 1:1 macro lens. The camera was held stationary on a tripod and a

471 remote trigger was used to eliminate vibration during image exposure. The ruler imaged next to

472 the CSG during testing was kept in-plane with the device for use in measuring the dimensional

473 change experienced by the CSG at strain. Gauge factor calculations were completed using values

474 for the dimensional changes obtained in conjunction with digital imaging processing software.

475 Data availability
476 The data that supports the findings of this study are available from the authors on reasonable

477 request, see author contributions for specific data sets.
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